nature neurOSCIenCe a r t I C l e S The ability of organisms to react and adapt to stress is essential for their survival. In response to specific stressors, a battery of neurotransmitters, neuropeptides and steroid stress mediators may be deployed to enact the appropriate physiological and behavioral modifications [1] [2] [3] . One potent stress modulator in humans is 5-HT 4 . In C. elegans, 5-HT modulates a variety of stress responses (heat, infection and starvation) in addition to cognitive behaviors (chemosensation, learning and memory) [5] [6] [7] [8] . However, the neural circuits that underlie 5-HT-mediated stress responses are poorly characterized in any system to date and little molecular detail is known about how specific stressors couple to 5-HT-mediated signal transduction in the nervous system.
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In a previous study, we found that hypoxia causes axon guidance and cell migration defects during development 9 . Here, we observed and examined hypoxia-induced post-developmental changes in the production of 5-HT. We found that hypoxia-induced alterations in 5-HT synthesis resulted in the activation of a pathway for processing gustatory information, thereby increasing the sensory acuity of the worm. Such behavioral plasticity may provide survival advantages under specific, stressful environmental conditions. Our results, and previous findings, suggest that the direct coupling of hypoxia to the production of 5-HT and the use of alternate neuronal circuits may be phylogenetically conserved.
RESULTS
The rate-limiting enzyme of 5-HT biosynthesis is tryptophan hydroxylase, which is encoded by the tph-1 locus in C. elegans 10 . Using a gfp-based reporter (tph-1 prom gfp), we found that the expression of tph-1 was altered under low oxygen conditions (Fig. 1) . Under normoxic conditions (21% O 2 ), tph-1 prom gfp was robustly expressed in the head of the adult hermaphrodite in the NSM and ADF neurons (100% of animals, n = 141) and was weakly expressed in the ASG sensory neurons of a small percentage (5%; n = 141) of animals ( Fig. 1a and data not shown). After exposure to 1% O 2 for 12 h, tph-1 prom gfp expression was strongly upregulated in the ASG neurons (100% of animals; n = 78; Fig. 1b and data not shown). The already robust expression of tph-1 prom gfp in NSM and ADF was also further augmented under hypoxic conditions ( Supplementary  Fig. 1 ). 5-HT immunofluorescence staining of hypoxic animals also revealed induction of 5-HT production compared with normoxic control animals (Fig. 1c,d) .
To determine how the cell type-specific alteration of tph-1 expression is brought about, we examined the phylogenetically conserved HIF-1 protein, a bHLH-PAS domain-containing transcription factor, which mediates many transcriptional responses to hypoxic stress 11 . In normoxic conditions, HIF-1 protein is degraded 12 . Degradation is initiated through hydroxylation of a specific proline residue in HIF-1 by the conserved oxygen-dependent prolyl 4-hydroxylase EGL-9 (ref. 12). The E3 ubiquitin ligase VHL-1 (von Hippel-Lindau tumor suppressor protein) recognizes the hydroxylated proline and targets HIF-1 for ubiquitin-mediated proteasomal degradation 13 . Hypoxic conditions inhibit the hydroxylation of HIF-1, stabilizing the protein and allowing it to transcriptionally regulate the expression of a host of target genes that are involved in promoting survival and adaptation to hypoxic stress 13, 14 . To test whether hypoxic induction of tph-1 prom gfp is regulated in a HIF-1-dependent manner, we analyzed tph-1 prom gfp expression under conditions that disrupt HIF-1 protein degradation in normoxic conditions. First, we used transgenic worms in which we expressed a mutated form of HIF-1 under the control of a neuronal promoter, in which the proline in the conserved LXXLAP motif required for degradation of HIF-1 by the EGL-9/ VHL-1-dependent degradation pathway is altered to an alanine 9,12 . a r t I C l e S tph-1 prom gfp was upregulated in these transgenic animals, as in normal worms under hypoxic conditions (Fig. 1e) . Second, the induction of tph-1 prom gfp under hypoxic conditions was phenocopied under normoxic conditions in egl-9 and vhl-1 mutant backgrounds, in which HIF-1 is not degraded (Fig. 1f and data not shown). Furthermore, reduction of hif-1 function in these mutant backgrounds abolished tph-1 prom gfp induction, indicating that induction is dependent on HIF-1 function (Fig. 1g and data not shown).
To assess whether HIF-1-dependent regulation of tph-1 expression is direct, we examined the tph-1 promoter region for hypoxia response elements (HREs), biochemically defined binding sites of HIF-1 (ref. 15 ). The tph-1 promoter contains a HRE (TACGTG) 180 base pairs upstream of its translational start site. This site is conserved in the tph-1 genes of other Caenorhabditis species and functional HREs are also present in vertebrate TPH loci 16 . To determine whether HIF-1 directly activates tph-1, we deleted the HRE in tph-1 upstream regulatory sequence fused to mCherry, a red fluorescent protein (Fig. 1h) . When expressed in wild-type animals, both tph-1 prom mCherry and tph-1 prom (∆HRE)mCherry transgenes were expressed in a wild-type manner, that is, in the NSM and ADF neurons in the head of the worm (data not shown). In an egl-9 mutant background, however, in which HIF-1 is stabilized, the tph-1 prom mCherry transgenic lines, but not the tph-1 prom (∆HRE)mCherry lines, showed induced mCherry expression in the ASG neurons (Fig. 1h) . These data suggest that HIF-1 binds directly to the tph-1 promoter via the HRE to drive 5-HT production in hypoxic conditions in C. elegans. In vertebrates, hypoxia-induced upregulation of 5-HT also occurs in specific regions of the brain that are required for processing information on oxygen status, but the functional importance of 5-HT upregulation in these specific brain regions is not known 17 .
Laser-ablation studies have shown that an attractive response to gustatory cues is primarily mediated by the ASE gustatory neurons 18 . The ADF, ASG and ASI sensory neurons are not required for gustatory behavior in the presence of ASE neurons, but the minor and residual response to gustatory cues observed in ASE-ablated animals is eliminated on co-ablation of ADF, ASG and ASI 18 . The potential of ASG and ADF to be involved in gustatory behavior under specific circumstances prompted us to hypothesize that hypoxia-induced 5-HT upregulation in ASG and ADF may enhance the ability of animals to engage in a gustatory response. To test this hypothesis, we first assayed whether hypoxia can modulate gustatory behavior. Using conventional gradient chemotaxis assays 18 , we found that exposure of wild-type adult hermaphrodites to 1% O 2 for 24 h enhanced their ability to move up a NaCl gradient (Fig. 2a) . This suggests that hypoxic exposure enhances the ability of animals to sense their environment, perhaps to enable them to escape from stressful conditions. We refer to this adaptive stress response as hypoxia-enhanced sensory perception (HESP).
We next sought to examine the molecular and cellular basis of this behavior. We found that the ASE primary gustatory neurons were not required for HESP. In che-1 mutant animals, the ASE neurons are present, but not functional 19 , and che-1 mutants showed barely any response in a NaCl gradient (Fig. 2b) . However, when che-1 mutants Fig. 1 ). (c,d) 5-HT immunofluorescence of a normoxic animal (c) and an animal after exposure to 1% O 2 for 12 h (d). (e-g) tph-1 prom gfp was ectopically expressed in ASGL/R under conditions that stabilize hif-1, achieved by either mutating the residue in HIF-1 required for its degradation (e) or in egl-9 mutants (f); the latter effect is genetically dependent on hif-1 (g).
Red arrowheads indicate ASG chemosensory neurons. Ventral views, anterior is to the left. Scale bar represents 10 µm. (h) HIF-1-induced tph-1 reporter gene expression (induction achieved through preventing the degradation of HIF-1 in egl-9 mutants) was abolished on deletion of the HRE (6 bp deletion). # = independent transgenic lines (n = 87-122).
a r t I C l e S were exposed to 1% O 2 for 24 h, their ability to respond to NaCl was markedly enhanced (Fig. 2b) . ASE-independent HESP is dependent on 5-HT and HIF-1, as che-1; tph-1 and che-1; hif-1 double mutant worms did not have a hypoxia-induced sensory response. To test whether the neurons that upregulate 5-HT expression under hypoxic conditions are responsible for HESP, we performed neuron-specific rescue experiments. We re-expressed hif-1 cDNA in the ASG, ADF or NSM neurons in a che-1; hif-1 double mutant background, using the ops-1, srh-142 and ceh-2 promoters, respectively (Fig. 2b) . We found that expression of HIF-1 in the ASG or ADF, but not NSM, neurons rescued HESP in the che-1; hif-1 double mutant. These data suggest that a hypoxia-induced increase in 5-HT levels in the ADF and ASG sensory neurons enhances gustatory perception. To determine whether an increase in 5-HT must be provided by a specific cellular source to generate an enhanced gustatory response, we exogenously added 5-HT to the culture medium. Adult worms that were exposed to exogenous 5-HT indeed showed an enhanced gustatory response (Supplementary Fig. 2 ). Taken together, our results indicate that an overall increase in 5-HT levels, induced by hypoxic conditions, improves gustatory performance.
To further map the circuit of 5-HT action during HESP, we sought to identify the 5-HT receptor(s) that mediate this stress response. A survey of mutant strains of all previously identified 5-HT receptors revealed that only SER-7, a 5-HT 7 -like metabotropic receptor, was required for HESP (Fig. 3a) . SER-7 has previously been shown to be required for peristaltic movements of the pharyngeal isthmus and 5-HT-stimulated egg-laying 20,21 , but has not been implicated in controlling sensory responses. SER-7 is expressed in a very small number of peripheral neurons in the pharynx, one of which being the M4 pharyngeal motorneuron 20 . Expression of ser-7 under the control of an M4-specific regulatory element from the ser-7 promoter 22 or under the control of the M4-specific ceh-28 promoter 23 rescued the HESP defect of ser-7 mutant animals (Fig. 3b) . The role of M4 and ser-7 in promoting HIF-1-mediated HESP was independent of the motor function of M4 and ser-7. First, the hif-1 system, which is responsible for the HESP response, has no effect on M4-mediated motor control of the pharynx 24 . Second, decreases in food intake alone, observed on disruption of M4 motor neuron function or deletion of ser-7, did not induce the HESP response (data not shown).
The only previously reported role for the M4 motor neuron is in the control of pharyngeal muscle contraction, a function that is essential for survival of the animal 25 . An additional role for this motor neuron in sensory plasticity is unexpected and suggests the existence of long-range signals not just from the sensory apparatus into the pharynx (via 5-HT), but also from the pharynx back into the circuit that eventually controls sensory cue-elicited locomotory behavior. Neuropeptides are attractive candidates for such long-range signaling molecules and the M4 motor neuron contains, unlike other pharyngeal motor neurons, dark-staining vesicles that may release such neuropeptides 26 . Surveying published gene expression profiles, we noted the expression of the FMRFamide flp-21 in M4 27 . To test whether flp-21 may be involved in M4-mediated HESP, we analyzed Figure 2 C. elegans shows enhanced sensory perception after hypoxic stress using HIF-1 and 5-HT in a neuron-specific manner. (a) Hypoxic exposure of C. elegans wild-type adult hermaphrodites enhanced their ability to respond to 500 mM and 250 mM NaCl. (b) Hypoxic exposure of che-1(ot66) mutant adult animals, which lack functional ASE neurons and therefore do not chemotax well under normoxic conditions, significantly enhanced their ability to chemotax toward 2.5 M NaCl. This behavior was dependent on 5-HT and HIF-1, as it was abolished in che-1(ot66); tph-1(mg280) and che-1(ot66) ; hif-1(ia4) double mutant animals. Transgenic expression of hif-1 in ADF and ASG, but not the NSM neurons, rescued the loss of HESP in the che-1(ot66); hif-1(ia04) double mutant (# = independent transgenic lines). For cell-specific rescue, we used ops-1 (ASG) 37 , srh-142 (ADF) 38 and ceh-2 (NSM) 39 promoters. Statistical significance was assessed using the t test (**P < 0.05, ***P < 0.005, n.s. = not statistically significant from control). a r t I C l e S flp-21 knockout animals. These animals have wild-type gustatory behavior under normoxic conditions, but failed to display a HESP response (Fig. 4) . The HESP defect in the flp-21(ok889) mutant was rescued when flp-21 cDNA was re-expressed specifically in the M4 neuron (Supplementary Fig. 3 ).
FLP-21 is a ligand for the neuropeptide Y receptor-related protein NPR-1 (ref. 28)
. npr-1 has been implicated in a number of different behaviors, including foraging, aggregation and aerotaxis 7, 29, 30 . Consistent with the idea that FLP-21 signals through NPR-1 during hypoxia-enhanced gustation, we found that npr-1 mutant animals do not show a HESP response (Fig. 4) . npr-1 is expressed in a number of head neurons, including the AQR, PQR and URX neurons, which have been implicated in aerotaxis behaviors 7, 31 . Expression of npr-1 under the control of an AQR/PQR/URX-specific promoter rescued the HESP defects of npr-1, whereas expressing npr-1 with a driver from other npr-1-positive neurons failed to rescue the mutant phenotype (Fig. 4) . Confirming the importance of the npr-1-expressing AQR/PQR/URX neurons, we found that transgenic animals in which the AQR, PQR and URX neurons were ablated by ectopic expression of the cell-death activator gene egl-1 (ref. 7) also do not show a HESP response (Fig. 4) . Another gustatory plasticity phenomenon, in which extended pre-exposure to NaCl modulates responses to NaCl, also involves the AQR, PQR and URX neurons 32 , suggesting that these neurons are common integrators of upstream sensory information. Even though it is not clear how npr-1 and the neurons expressing npr-1 may signal to downstream neurons to control chemosensory behavior, npr-1 activity can couple to locomotory outputs, as alterations in npr-1 activity affect locomotory speed 33 , which in turn may affect the ability of an animal to migrate toward a chemosensory cue. This strategy would be an effective supplement to the strategy employed by the normal, normoxic chemosensory circuit that controls relative turning probability 34 .
DISCUSSION
Our data indicate that hypoxic stress in C. elegans results in the deployment of an additional, previously unrecognized circuit for mediating gustatory responses that appears to have no detectable role under normoxic conditions (Supplementary Fig. 4 ). This response differs from the aerotaxis neuronal circuit, which becomes simplified and less flexible after a hypoxic insult 35 . Rather than altering intrinsic features of the circuit normally involved in gustation, animals engage, for the processing of chemosensory information, a set of neurons that are not required for chemotaxis under normoxic conditions. The deployment of a pharyngeal motor neuron in this 5-HT-mediated circuitry is particularly unexpected and a testament to the multifunctionality of individual neuron types. As a result, through the utilization of 5-HT and neuropeptide signaling in response to hypoxia, animals become hypersensitive to environmental cues. We propose that hypoxia-induced enhanced gustatory perception forms a part of a more widespread escape response that enables an animal to be more responsive to other cues in its environment under unfavorable conditions. Even though the hypoxia-mediated upregulation of 5-HT expression appears to be mostly restricted to the chemosensory system, it is conceivable that hypoxia may also lead to the upregulation of other neuromodulatory systems that impinge on additional aspects of C. elegans behavior.
Taken together, our results provide insights into the molecular and cellular basis of 5-HT-mediated stress responses. The conservation of HREs in the tph genes in humans, the hypoxia-induced upregulation of 5-HT in specific regions of the vertebrate brain 17 and alterations in the activity of the neuropeptide Y signaling system under hypoxic conditions 36 suggest phylogenetic conservation of the mechanisms of coupling hypoxia, serotonin and neuropeptide signaling to produce alteration in behavioral responses.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. 40 and not under the ncs-1 promoter (other npr-1-expressing neurons) 40 was sufficient to restore the HESP response in npr-1(ad609) animals. Ablation of the oxygen-sensing neurons AQR, PQR and URX (strain qaIs2241) 7 also caused defects in HESP. Statistical significance was assessed using the t test (**P < 0.05, ***P < 0.005).
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ONLINE METHODS
Behavioral assays. The response to salt gradients was assayed as previously described 41 . Briefly, 10 ml of buffered agar (20 g l −1 agar, 1 mM CaCl 2 , 1 mM MgSO 4 , 5 mM KPO 4 ) was poured into 10-cm diameter Petri dishes. To establish the gradient, we applied 10 µl of salt solutions adjusted to pH 6, 12-16 h before assay, to the attractant spot and 10 µl of ddH 2 O to the control spot. Another 4 µl of salt solution or water was added to the same spots 4 h before the assay. We applied a 1 µl drop of 1 M sodium azide to both attractant and control spots 10 min before the assay to immobilize worms that reached these areas. Synchronized adult animals were washed three times with CTX solution (1 mM CaCl 2 , 1 mM MgSO 4 and 5 mM KPO 4 ) and 100-200 placed in the center of the assay plate in a minimal volume of buffer. Animals were allowed to move about the agar surface for 1 h, after which assay plates were placed at 4 °C overnight. The distribution of animals across the plate was then determined and a chemotaxis index was calculated as the number of animals at the NaCl spot minus the number of animals at the control spot, divided by the total number of animals. Chemotaxis assays were performed on at least four independent days with at least four assays per day.
Immunofluorescence. 5-HT immunofluorescence was performed as previously described 42 .
Statistical analysis.
Values for all behavioral assays are reported as the mean ± s.e.m. Comparisons between experimental values and controls were made using a two-sample Student's t test assuming equal variance, and two-tailed P values were used. nematode growth and strains. Strains were cultured under standard conditions 43 with Escherichia coli OP50 at 20 °C. For chemotaxis experiments, young adult hermaphrodites were grown on fully coated bacterial plates and placed at 25 °C in normoxia or in a hypoxic chamber (C-174 chamber, Biospherix) at 1% O 2 for 24 h. The shortest length of time that we exposed worms to hypoxia and observed similar enhancement of chemotaxis was 0.5% O 2 for 4 h. The oxygen concentration in the chamber was continuously monitored with an oxygen sensor (Pro:Ox oxygen controller, Biospherix) and automatically adjusted with compressed nitrogen. We used the following worm strains: N2 Bristol transgenic strains. The following strains contained the myo-3mCherry marker, injected at 5 ng µl −1 , or the pRF4 marker, injected at 50 ng µl −1 (noted with an asterisk).
